Abstract
Introduction
or inhibit microtubule aggregation.
48
We use a modified version of the theoretical framework that has been developed for investi-49 gating membrane mediated interactions between proteins embedded in or bounded to a fluid 50 membrane (16, 17). We first explain the model in detail. We then study the effects of all the 51 possible elements on the interaction between microtubules. In particular, we demonstrate 52 that changing the in-plane tension in the membrane qualitatively affects the equilibrium 53 shape that a vesicle can adopt. We further reveal that the size and relative orientation parametrization, we describe the shape of a deformed vesicle as:
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where R is the radius of an undisturbed vesicle and u(θ, φ) is the deformation field. As of microtubules. Mathematically, we apply this condition via Lagrange multipliers,
where L is a vector of Lagrange multipliers and
Dirac delta function for spherical coordinates. In terms of the deformation field and the 77 applied constrains, the total energy of the membrane is given by: Because the resultant equation is linear, the final solution for the deformation field of the 87 membrane can be constructed as:
89
In these equations G(Ω − Ω i ) is the Green's function of the left hand side of Eq. 5. We 90 expand the Dirac delta function in terms of spherical harmonics 1 , and solve for the Green's 91 function, which gives:
93
In Eq. 7 we have excluded the first two modes. The zeroth mode corresponds to motion 94 of the center of mass. Excluding the first mode is necessary to prevent inflation of the 95 vesicle, as we have already penalized any changes in the volume in Eq. 4. Excluding these 96 modes implies correcting the Dirac delta in Eq. 5, which is reasonable for small deformations.
97
Finally, taking into account the constraints associated with the microtubules (the vectorū 0 ), we obtain the Lagrange multipliers and the induced deformation field as:
100
where M is an N × N matrix whose components are constructed as the vesicle is closed, we consider a maximum mode l = L max in Eq. 7. Substituting the 104 derived deformation field u(θ, φ) in Eq. 4, one can get the total energy of the membrane as:
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Given an arbitrary number of microtubules, all we need is the amount of deformation they 
113
To examine the effect of surface tension on the equilibrium shape of the membrane, we at the tip of microtubules from being smoothly curved into sharp spikes with higher total 119 energy (Fig. 2b) . Next, we analyze the total energy of a vesicle encapsulating two growing 120 microtubules that push the membrane in opposite directions (Fig. 2c) . We assume that the 121 two microtubules distort the membrane similarly. As expected, the more a vesicle elongates, there is an energy barrier, the value of which increases with the surface tension. Inversely, 146 two oppositely oriented protrusions repel each other for short and attract for larger distances.
147
When analyzing the interaction between protrusions of different sizes, we realize that altering 
